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Two statistical models were used to predict the concentration of dimethyl disulfide
(DMDS) released from biosolids produced by an advanced wastewater treatment plant
(WWTP) located in Washington, DC, USA. The plant concentrates sludge from primary
sedimentation basins in gravity thickeners (GT) and sludge from secondary sedimenta-
tion basins in dissolved air flotation (DAF) thickeners. The thickened sludge is pumped
into blending tanks and then fed into centrifuges for dewatering. The dewatered sludge is
then conditioned with lime before trucking out from the plant. DMDS, along with other
volatile sulfur and nitrogen-containing chemicals, is known to contribute to biosolids
odors. These models identified oxidation/reduction potential (ORP) values of a GT and
DAF, the amount of sludge dewatered by centrifuges, and the blend ratio between GT
thickened sludge and DAF thickened sludge in blending tanks as control variables.
The accuracy of the developed regression models was evaluated by checking the ad-
justed R? of the regression as well as the signs of coefficients associated with each
variable. In general, both models explained observed DMDS levels in sludge headspace
samples. The adjusted R? value of the regression models 1 and 2 were 0.79 and 0.77,
respectively. Coefficients for each regression model also had the correct sign. Using the
developed models, plant operators can adjust the controllable variables to proactively
decrease this odorant. Therefore, these models are a useful tool in biosolids management
at WWTPs.
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INTRODUCTION

Wastewater treatment is an important environmental function that produces
biosolids as a by-product. These solids, after proper treatment in accordance
with U.S. Environmental Protection Agency (EPA) regulations,!'~3' can then
be applied beneficially to farms, forests, tree farms, and mines due to their
returning nutrients and organic matter to these reuse sites. This is especially
meaningful due to erosion and loss of organic matter from traditional farming
activities.!4!

In spite of the beneficial uses of biosolids, certain groups perceive these
products adversely. The main argument is that the biosolids are malodorous
as well as having other concerns about public health and the water supply.”’
Wastewater treatment plants (WWTPs) can be proactive in their management
of these negatively perceived aspects by examining the factors that, for instance,
lead to malodorous biosolids. It is believed that the smelly aspects are caused
principally by reduced sulfur and nitrogenous compounds.'®’ The odorous sul-
fur compounds such as dimethyl disulfide (DMDS), carbon disulfide (CSsy), and
dimethyl sulfide (DMS)!"! smell like rotten cabbage and have low human sen-
sory odor thresholds (0.01-1 ppbv!®?!). Two compounds make up the majority of
the nitrogen-containing biosolids odors: ammonia (NHj3) and trimethyl amine
(TMA). Ammonia has a medicinal odor and TMA a fishy one.!1%

There are two main methods for measuring biosolids odors. First, one can
take samples at a WWTP and analytically measure the actual amounts of DMS,
DMDS, and other relevant compounds under laboratory conditions. This is
generally a time-consuming approach given the nature of the testing as well
as the need to have representative samples. Examples of this approach in-
clude D’Amato and DeHollander''!! who summarized recent efforts in manag-
ing biosolids odors at WWTP; Kim et al.''?! who investigated lime-stabilized
bisolids from WWTPs and demonstrated that the production of TMA can be
increased when polymer and protein material are added to dewatered, limed
biosolids; Murthy et al.['® who also concluded that polymer causes the release
of TMA during the lime stabilization process. Later, Murthy et al.l'*! and Novak
et al.'’! analyzed the effect of lime under TMA and DMDS odor emissions. Kim
et al.l'®! analytically evaluated anthraquinone and Ca(NOs)s usability in re-
ducing odors from post-limed biosolids. Lastly, Kim et al.'8! and Arispe et al.l'”]
presented a solid phase microextraction method for detection of odorous gases
from the wastewater treatment process with detection limits comparable to
that for humans.

Alternatively, odors can be evaluated with human odor sensory panels. Odor
evaluation using an odor panel (usually comprising six to eight individuals) is
divided into two, based on the ways of sample introduction to the panel; a
direct odor sniffing method and a dynamic olfactory method. In direct odor-
sniffing method each individual, who directly smells the samples, then records
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scores as to the levels of perceived odors; usually from zero (none) to five (ex-
tremely offensive). In dynamic olfactometry, once odor samples are taken, they
are transported to a remote laboratory, where they are introduced to an odor
panel through equipment that can dynamically dilute the gas samples with
odor-free air.

Having biosolids odors concentration or scores using either the analytic
or the odor panel approach, the next step is to gather data on indepen-
dent variables such as ambient or effluent temperature, sludge blanket
the depth levels, amount of chemicals added in the treatment process, etc.
This aim of this paper is to statistically identify a model relating the de-
pendent variable, biosolids odor levels (or related compounds), to a sub-
set of these ambient or processing related variables. Armed with such a
model, WWTPs can proactively adjust their inputs (e.g., choice and amount
of chemicals, modifications to processes) in combination with ambient con-
ditions to lower the biosolids odors whenever possible. In this way, soci-
ety as a whole will benefit from the reuse of material high in organic car-
bon, but these operations can be carried out with lower perceived negative
aspects.

In this paper, two statistical models were developed to predict DMDS lev-
els in biosolids sampled from the Blue Plains WWTP operated by the District
of Columbia Water and Sewer Authority (DCWASA). To develop the models,
odorants from biosolids produced from the plant and process variables were
measured in headspace samples collected over one year. Since the results are
novel, they should assist WWTPs with better management of the malodorous
aspects of biosolids.

MATERIALS AND METHODS

Ovenview of the Blue Plains WWTP

The Blue Plains facility is the major municipal WWTP in the Washington,
DC metro area, which includes areas of Maryland and Virginia. This WWTP
produces over 1200 dry tons per day of biosolids, all of which are currently
beneficially recycled for agricultural purposes.

Wastewater influent flow initially passes thru bar screens for trash removal
and is then treated with iron salts (FeClg) for phosphorus removal. The large
FeCls dose added to the wastewater at this stage could potentially affect the
odors emitted by the final biosolids product downstream and was considered
in the statistical model as an independent variable. After dosing with iron
salts, grit is removed (settled) from the wastewater as the flow passes through
grit chambers. The wastewater continues to flow to the primary sedimentation
tanks.
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Primary Process

Organic suspended solids and phosphorus are removed from the
wastewater flow by slowing the flow and allowing gravity settling in primary
sedimentation tanks. The scum that floats to the surface in these tanks is
skimmed off and combined with the settled solids on the bottom. Both scum
and settled solids are next processed for additional removal of detritus and
then gravity thickened. The thickened solids are pumped to the blend tank.
The primary wastewater effluent flows to secondary reactors.

Secondary Process

Primary effluent flows in a step feed mode to the secondary aeration reactors
where the effluent is mixed with FeCl; for additional phosphorus removal and
with secondary and nitrification return activated solids (RAS). The amount of
FeCl; added is one of the independent variables that could affect downstream
biosolids odors and was considered in the statistical modeling. This mixture
(mixed liquor) is aerated in the secondary reactors and aerobic microorgan-
isms are grown at a high rate to remove suspended and colloidal carbon, and
phosphorus. The mixed liquor from the aeration reactors flows to the secondary
sedimentation tanks and the solids are gravity settled. The level (blanket level)
of the solids that build up in these sedimentation tanks is one of the indepen-
dent variables that could affect downstream biosolids odors and was considered
in the statistical modeling. A portion of these settled solids (RAS) are returned
to the aeration reactor. The rest of the settled solids are pumped to dissolved
air floatation (DAF) thickeners. The secondary effluent flows to the nitrifica-
tion/denitrification process.

Nitrification/Denitrification

The nitrification/denitrification process removes nitrogen from the sec-
ondary effluent. Methanol and return activated solids from the nitrification
sedimentation tanks are mixed with secondary effluent (mixed liquor) in the
nitrification reactors. This flow is processed through a series of aerobic and
anoxic tanks for the conversion and removal of ammonia and organic nitrogen
to Ng gas. The mixed liquor subsequently flows to sedimentation tanks and the
solids are gravity settled. A portion of these settled solids (RAS) are returned
to the nitrification reactor and the rest of the settled solids are pumped to DAF
thickeners.

DAF

Settled solids from the secondary and nitrification/denitrification sedimen-
tation tanks are pumped to DAF tanks and mixed with compressed air and
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polymer to coagulate and thicken the solids. The addition of polymer may re-
sult in the final limed biosolids emitting fishy (TMA) odors and therefore the
amount of polymer added was considered as a variable in the statistical mod-
eling. After thickening the solids are pumped to the blend tanks.

Blend Tank

Gravity-thickened primary solids and DAF thickened secondary are mixed
together in the blend tank. Primary and secondary solids are first stored in
separate tanks and are then fed at a calculated blend ratio into the blend tank.
Since this ratio may have an effect on the final biosolids odor level, the ratio
was considered as an independent variable in the statistical modeling.

Dewatering and Lime Stabilization

The solids from the blend tank are mixed with polymer and then dewa-
tered by high solid centrifuges and belt presses. Again, the addition of polymer
may result in the final limed biosolids emitting TMA odors and the amount of
polymer added was considered as a variable in the statistical modeling. The de-
watered cake is then mixed with lime (CaO) for pathogen reduction complying
to USEPA’s Class B. The number of centrifuges in use and the amount of lime
added could significantly affect the final biosolids odor and were evaluated as
variables in the statistical modeling.

Sample Collection

Sludge sample collection was performed weekly from May, 2003 to May,
2004. Samples were obtained from several different locations within the plant
solids-handling system with specific treatments shown in Table 1. Lime was

Table 1: Description of sludge treatment processes of the WWTP and sampling
locations.

Abbreviation Description Sampling location
GR Oufflow from gravity thickener ~ Sample sink
DAF Outflow from dissolved air Sample sink
flotation system
BS Recycling line from Blending Sample sink
tank
BSP Blended gravity and DAF Sample collection port just before
sludge from blending tank centrifuge
with polymer added
DW Dewatered sludge Just after centrifuge, before
conveyance
DWL Dewatered sludge that has Just after centrifuge, before

been limed in the laboratory conveyance




01: 02 19 March 2009

Downl oaded By: [National Agricultural Library] At:

2014 Gabriel et al,

added into a subsample of dewatered sludge in the laboratory on site. Analysis
of percent solids was performed in the laboratory immediately after collection.
Based on the solid content determined, the lime dose was 20% by mass.

Extraction and Analysis of Odorous Chemicals

The headspace of samples was analyzed for a number of odorants includ-
ing DMDS.['”! From each grab sample, 5 mg of dewatered sludge or 10 ml
of liquid sludge was placed in a 20 ml clear glass vial, and sealed with an
aluminum crimp top cap containing a Teflon-coated silicon septum. The tar-
get analytes were preconcentrated from the headspace of the sample using a
technique called solid-phase microextraction (SPME) (Sigma-Aldrich Corp., St.
Louis, MO). In SPME, a thin, coated fiber absorbs the organic chemicals from
the headspace in proportion to their concentration. The fibers, which are coated
with 75 um carboxen-polydimethylsiloxane were exposed within the headspace
for 1 h. After the exposure, fibers were transported (25 min) on dry ice to the
U.S. Department of Agriculture (USDA) laboratory, where they were analyzed
with the multidimensional gas chromatography-mass spectrometry (GC-MS).
SPME fibers, which were not analyzed immediately, were preserved in a freezer
at —40°C. None of the fibers were kept for more than 10 h prior to analysis. One
blank sample vial containing only distilled water was included with each set of
samples (n = 10) to observe any procedural interferences.!'”

When analyzed, the fibers were desorbed in the injection port of the GC.
The multi-dimensional GC-MS system allows for cryogenic cutting of peaks
from a nonpolar phases column in the first GC oven prior to further separation
and improved chromatography on a more polar Carbowax column in second
oven. The system consists of two 6890N (Agilent Technologies, Inc., Palo Alto,
CA) gas chromatographs (GC); see Figure 1. The first GC (GC-1) is equipped
with a flame ionization detector (FID) at a temperature of 250°C, where the

FID Universal
H Detector (1%) Gas-cutting valve system

() |~

Nonpolar, thick film 60-m Polar 30-m

Figure 1: Schematic diagram of GC system used.
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detector is used as a monitor for methods development. The column for GC-1
is a 30 m HP-1 (Agilent Technologies, Inc.), with an inner diameter of 0.32 mm
and a phase thickness of 1 um. The second GC (GC-2) installed with a 30-m
DB-Wax column (Agilent Technologies, Inc.) with an inner diameter of 0.32 mm
and a phase thickness of 0.5 um, is connected to an Agilent 5973 Mass Selective
Detector (MSD) at a temperature of 300°C. The MSD was operated in selective
ion mode to monitor the ion masses of the DMDS, i.e., 45, 79, and 94. GC-1 and
GC-2 were connected through a Gerstel CTS1 Cryotrap System (Gerstel, Inc.,
Baltimore, MD), with a 1-m-long HP-5 column (Agilent Technologies, Inc.), 0.32
mm inner diameter, and a phase thickness of 0.25 um. The injection port of
the GC system was equipped with a 0.75 mm injection port liner and a Merlin
microseal septum (Sigma-Aldrich Corp., St. Louis, MO) specially designed for
SPME.

The temperature program on each GC for the analysis of DMDS is as fol-
lows: initially, GC-1 holds at 32°C for 3 min, and ramps at 3.5°C/min to 118°C,
then at 50°C/min to 270°C. GC-2 initially holds for 13.5 min at a temperature
of 32°C, ramps at 5°C/min to 45°C, holds for 2 min, ramps at 5°C/min to 90°C,
and then at 63°C/min to 250°C, and finally holds for 1 min.

SPME Fiber Calibration Procedures

Preparation of the standard gases of DMDS used in SPME calibra-
tion was done using a certified Teflon membrane permeation device (NIST
traceable, VICI Metronics, Inc., Santa Clara, California, USA) as described
by Arispe et al.!” The developed standard curve for DMDS showed good
linearity (R? = 0.991) within the range between 0.4 and 585 ppbv. The de-
tection limit for the method used in this study, i.e., 0.4 ppbv was two or-
ders of magnitude lower than the reported human sensory odor threshold (12
ppbv).[8 The reproducibility of the suggested method was evaluated in the for-
mer study. Errors less than 7% were observed between different fibers and
between different injections, showing good reproducibility of the suggested
method.!®!

RESULTS AND DISCUSSION

As described in the previous section, one year’s worth of approximately weekly
data (May 2003—-May 2004) were collected resulting in separate observations
by compound. In addition to measuring the concentration of DMDS and other
compounds that were present, data on potentially useful variables such as the
oxidation reduction potential were gathered. In what follows, a brief description
of the set of independent variables that were available that might influence
DMDS; hence, biosolids odor levels are presented.
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AMBIENT AND PROCESS VARIABLES

Oxidation-Reduction Potential

Oxidation-reduction potential (ORP) is used as an indicator of the overall
oxidation state of a system, in this study wastewater and sludge. The lower
the ORP the more reduced (septic) conditions and the higher the generation of
reduced sulfur compounds from wastewater sludge.''8! This study concentrated
on sludge before the dewatering process. Therefore, three ORP variables were
used: ORPs of gravity thickened and DAF thickened sludge, and ORP for sludge
from the blend tank. The ORP measurements were carried out by dipping an
ORP probe (Mettler Toledo model Type 405-SC-DPAS, Woburn, MA, USA) in
sludge aliquots of 200 mL right after they were collected. ORP is expected
to have a negative correlation with biosolids odors, hence increased DMDS
concentrations.

Temperature of Primary Effluent

Temperature of the sludge can affect ORP as well as microbial activity in
wastewater treatment.['® Research has shown that more odorous compounds
are released from wastewater sludge during the summer as compared to the
winter!'®! due in part to ORP from gravity thickened sludge and DAF sludge
which are lower during the summer.'® Thus, the temperature of the primary
effluent could be influential on the microbiological activity and ultimately on
odor generation. All things being equal, one would expect this temperature to
be positively correlated with DMDS levels.

Concentration of Iron from FeCl; and Waste Pickle Liquor

Arispe!!® showed that the concentration of iron left in biosolids has a neg-

ative correlation with odor from lime stabilized biosolids. Since FeCls and
waste pickle liquor (WPL) are the major chemicals used to remove phospho-
rous in the primary and secondary processes, respectively, the concentration of
iron in the flow from these two chemicals could have an effect on DMDS levels
and hence biosolids odor. Concentration of iron in the flow (mg/l) is computed
in terms of mg of iron from FeCls or WPL per liter of flow into the primary and
secondary processes, respectively. It is anticipated that the concentration of
either WPL iron or FeCl; iron will be negatively correlated with DMDS levels.

Number of Centrifuges or Belt Presses in Service

At the Blue Plains WWTP, sludge from the blend tank is dewatered in
order to reduce the water content before hauling to the field sites. There are
two units operating the dewatering processes. Dewatering is done either by
DCWASA or by an onsite contractor. At least 150 dry tons of sludge are assigned
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to the contractor with the remainder dewatered by DCWASA. If there are not
enough DCWASA centrifuges operating when there is a high volume of sludge
to be treated, the process will come inefficient. As a result, biosolids having
sufficient water might allow more sustained micro organic activity and greater
levels of odor could result. At the Blue Plains facility, there are seven centrifuges
available for the DCWASA processing as well as two centrifuges and seven belt
filter presses for use by the contractor. All things being equal, one would expect
the higher the number of centrifuges and belt filter presses operating, the lower
the resulting biosolids odors or DMDS levels.

Millions of Gallons per Day of Sludge Dewatered by Centrifuges

The amount of sludge treated per centrifuge could be an important variable
in explaining biosolids odors. Overloading may cause higher liquid percentages
in biosolids and thus ultimately more odor generation. Consequently, the ratio
of production per centrifuge can be used to monitor dewatering status on any
given day. A positive regression coefficient for this parameter is expected.

Sludge Blanket Depth in Secondary Settling Tank

The sludge blanket depth indicates the amount of waste activated sludge
sitting at the bottom of the secondary settling tank. In the secondary process,
microorganisms use air from the aeration tank to break down organic matter.
Then, the wastewater is sent to the settling tank to separate suspended solids
from wastewater. The accumulation of sludge in the settling tank is measured
as the blanket level in the tank. The assumption on the sludge blanket is that
the higher the blanket depth in the tank, the greater the biosolids odor gen-
eration. The rationale is that all things being equal, a higher blanket depth is
due to a longer retention time for the sludge in the settling tank. This causes
anaerobic conditions as well as reduced ORP at the bottom of the tank. As a
consequence, when septic solids from the secondary settling tank are combined
with solids from the primary process in the blend tank, the greater biosolids
odors can be produced. There are three sludge blanket depth variables avail-
able at the Blue Plains facility: blanket depth “east,” blanket depth “west odd,”
and blanket depth “even.” A positive regression coefficient for sludge blanket
depth is anticipated.

Blend Ratio in Blend Tank

This variable is the ratio of two amounts of sludge. The numerator is the
quantity of sludge from gravity thickeners. The denominator is the quantity
of sludge from the DAF tank. As most sludge from gravity thickeners contains
organic material, it will serve as a food source for microorganisms when com-
bined with the sludge from the DAF in the blend tank. All things being equal,
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a higher ratio implies a greater amount of food for microorganisms that will
cause more production of sulfur compounds. As a result, the blend ratio should
be positively correlated with DMDS levels.

Polymer Added

The enzymatic breakdown of protein and polymer in sludge causes the pro-
duction of DMDS and TMA in lime stabilized biosolids.['®! There are two lo-
cations of polymer used in the solids handling processes: polymer additions in
DAF and polymer additions in the dewatering process. The purpose of polymer
in DAF is to facilitate the thickening capacity of sludge. As in the dewater-
ing process, polymer is used to improve dewatering capacity in the centrifuges.
At the Blue Plains WWTP, DAF polymer and dewatering polymer are used to
monitor the effect of polymer on biosolids odor. One would expect the amount
of polymer to be positively correlated with biosolids odors.

Statistical Results

Based on the set of available independent variables outlined here, many
statistical models were tried. Three factors were used to evaluate the qual-
ity of the models. First, the adjusted R? measuring the quantity of variation
in the dependent variable (DMDS levels) explained by the model should be
as high as possible. Second, the sign of the coefficients for the independent
variables outlined above should be correct. Third, these coefficients should
be statistically distinct from zero with fairly high confidence (e.g., p-value of
0.20 or less). After a series of models were tried, the two best ones are shown
below.

Model 1 shown in Table 2, is of the form

Y = Bo + B1X1 + B2Xa + B3Xs + BsXy, (1)
where
Y = DMDS ppmv/ DMDS odor threshhold ppm
X; = ORP from gravity thickener sample (ORP_GR ) (mv)
Xy = ORP from DAF sample (ORP_DAF ) (mv)

X3 = amount of sludge dewatered by a centrifuge, gallons per day per centrifuge
(mgd/centrifuge)

X4 = blend ratio?
and By, B1, B2, B3, B4 are the associated coefficients estimated by least squares

with By the intercept estimate. This model shows coefficients with the correct
signs which are statistically distinct from zero (at the 0.02 level or better) and a
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Figure 2: Model 1, actual vs. predicted DMDS levels.

large (adjusted) R? (79.44%)". It is important to note that one of the observa-
tions had a DMDS level of 48.09. This value was over 3.4 standard deviations
away from the average level of 10.92. As such, this value represented an out-
lier whose elimination could be justified on the grounds that the model was
only valid for less extreme values. Doing so, the regression improved dramat-
ically. Figure 2 shows a graph of how well this model predicted actual DMDS
levels.

Since the units for the variables are different, one cannot directly compare
the relative coefficients in Table 2 to gauge the influence of each variable on
DMDS levels. Two ways around this are to either normalize the data to have
the same range for each independent variable or to compute an elasticity for
each independent variable. Elasticity measures how much the dependent vari-
able (DMDS level) changes as a percentage with a percentage change in the
independent variable value.'"” The associated elasticities for the independent
variables are provided in Table 3 and indicate the following. First, ORP_DAF
has the largest effect on increasing the DMDS levels. A 10% decrease from its
average value leads to almost a 31% increase in DMDS (holding all other vari-
ables at their average value) 2. This should be compared with ORP_GR, which
is about 14%. These observations are reasonable since in the case of DCWASA,
DAF thickeners are fed with waste activated sludge, which drives the system
ORP more negative and creates a more septic environment. Also important to
notice is the nonlinear effect of the blend ratio. Namely, the higher the blend
ratio value, the greater the production of microorganisms producing DMDS and
at an accelerating rate.

Note that the coefficients for the variables are only valid within the ranges of practical
operations. For example, for the variable blend ratio?, the range is (0.5) to (2.0)2.
2These elasticity computations involved multiplying the average value for the
variable by 1.1.
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Table 3: Elasticity analysis for the regression model number 1.
_____________________________________________________________________________________________________________|

% increase in DMDS level

10% decrease in ORP_GR 14.38
10% decrease in ORP_DAF 30.97
10% increase in MGD per centrifuge 6.09
10% increase in blend ratio 11.89

A second model was chosen from the best ones with slightly different vari-
ables. In particular, Model 2 was of the form

Y = Bo + B1X1 + BeXo + B3X3 + BaXy + B5X5 (2)
where
Y = DMDS ppmv/ DMDS odor threshhold ppm
X3 = ORP from gravity thickener sample (ORP_GR ) (mv)
Xy = ORP from DAF sample (ORP_DAF ) (mv)

X3 = amount of sludge dewatered by a centrifuge, gallons per day per centrifuge
(mgd/centrifuge)

X4 = an interaction variable, blend ratio*(-ORP_DAF)

X5 = a dummy variable for when the blend ratio was greater than 0.6 (80%
fractile)

and Bo, B1, B2, B3, B4, B5 are the associated coefficients estimated by least squares
with By the intercept estimate. Two items about the variables chosen are of note.
First, the interaction of the blend ratio variable with ORP_DAF and a dummy

DMDS Level
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Figure 3: Model 2, actual vs. predicted DMDS levels.
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Table 5: Elasticity analysis for the regression model number 2.
. _________________________________________________________________________________________________________________|]

% increase in DMDS level

10% decrease in ORP_GR 11.30
10% decrease in ORP_DAF 25.07
10% increase in MGD per centrifuge 6.31
10% increase in blend*(-ORP_DAF) 6.11

variable representing high levels of the blend ratio were included and replaced
the squared blend ratio term in Model 1.

The interaction term, given as the product of the associated variables, mea-
sured the effect of their joint levels. Since ORP_DAF is negatively correlated
with DMDS, but the blend ratio is positively related, the negative of the ORP
variable was taken to ensure that this interaction term had a positive coeffi-
cient to check for appropriateness. As was the case with Model 1, the outlier
was taken out. Figure 3 shows a graph of the actual DMDS levels and what
was predicted by Model 2 and Table 5 indicates the elasticities of the inde-
pendent variables. It is important to note that this model also has a relatively
large adjusted R? (76.96%), as well as coefficients that were of the right sign
and statistically distinct from zero. The ORP_DAF variable also has the largest
influence on DMDS production as shown in by its elasticity in Table 5. It is
important to note the effect of the interaction variable which indicates that
when the blend ratio is high and the ORP_DAF level is low, the combined effect
can be significant in DMDS production. This is exacerbated when the blend
ratio exceeds 0.60 consistent with the blend ratio dummy variable having a
statistically significant positive value.

CONCLUSION

In this paper, two statistical models to predict levels of dimethyl disulfide
(DMDS) have been developed that correlate with biosolids odors based on sev-
eral operational and controllable variables. These models are an important tool
for wastewater treatment managers since they allow them to adjust the control
variables to produce lower DMDS levels. These models were based on data from
laboratory experiments as well as operational statistics collected at the Blue
Plains WWTP and considered a wide variety of variables to explain DMDS pro-
duction. While the current work concentrated on investigating the relationship
of certain ambient and processing variables to solids odors, future work will
analyze statistical models for liquids odor production.

ACKNOWLEDGMENTS

We would like to thank Professor Eric Seagren at the University of Maryland
as well as the reviewer and editor for insightful comments and discussions.



01: 02 19 March 2009

[ National Agricultural Library] At:

Downl oaded By:

2024 Gabriel et al,

REFERENCES

1. Federal Register. Standards for the Use or Disposal of Sewage Sludge: Final Rules
58 (32), 1993, 9248-9415.

2. Environmental Protection Agency (EPA). Biosolids Recycling: Beneficial Technology
for a Better Environment Report. No. EPA 832/R-94-009, U.S. Environmental Protection
Agency, Office of Water: Washington, DC, 1994a.

3. Environmental Protection Agency (EPA). Plain English Guide to the EPA Part 503
Biosolids Rule Report No. EPA/832/R-93/003, U.S. Environmental Protection Agency,
Office of Wastewater Mgmt: Washington, DC, 1994b.

4. NRCS. National Resources Inventory 2001 Annual NRI. Soil Erosion, July 2003.

5. De Michele, E. In The National Biosolids Partnership: Background, Progress, and
the Future, Proceedings of Biosolids Management in the 21st Century., College Park,
Maryland, USA, April 10-11; Dept. of Civil & Environmental Engineering, University
of Maryland, 2000.

6. Mosier, A.R.; Morrison, S.M.; Elmond, G.K. Odors and emissions from organic
wastes. In Soil for Management of Organic Waste and Waste Waters, Soil Science So-
ciety of America; Madison, WI, 1977, 532-569.

7. Banwart, W.L.; Bremner, J. M. Evolution of volatile sulfur compounds from soils
treated with sulfur containing organic materials. Soil Biol. Biochem. 1976, 8, 439—443.

8. Kim, H.; Murthy, S.; McConnell, L.L.; Peot, C.; Ramirez, M.; Strawn, M. Charac-
terization of wastewater and solids odors using solid phase microextraction at a large
wastewater treatment plant. Water Sci. Tech. 2002, 46 (10), 9-16.

9. Ruth, J.H. Odor thresholds and irritation levels of several chemical substances: A
review. Am. Ind. Hyg. Assoc. J. 1986, 47, 142—-151.

10. Japanese Environmental Agency (JEA). Reports of Studies on the Measurement of
Offensive Odors (from 1972—-1980). (In Japanese), Code D3. Author: Tokyo, 1980.

11. D’Amato, R.M. II; DeHollander, G.R. Gaseous emissions from wastewater facilities.
Water Envir. Res. 1999, 71 (5), 715-720.

12. Kim, H.; Murthy, S.N.; McConnell, L.; Peot, C.; Ramirez, M.; Strawn, M. Exami-
nation of mechanisms for odor compound generation during lime stabilization. Water
Environ. Res. 2003, 75, 121-126.

13. Murthy, S.N.; Sadick, T.; Baily, W.; Peot, C.; Tolbert, D.; Strawn, M. Mitigation
of Odors from Lime Stabilized Biosolids. WEF Residuals and Biosolids Management
Conference, San Diego, CA, 2001.

14. Murthy S.; Kim, H.; McConnell, L.; Peot, C.; Bailey, W.; Novak, J.; Glindemann, D.
Mechanisms for odour generation during lime stabilization. IWA Biennial Conference,
Melbourne, Australia, 2002.

15. Novak, J.; Glindemann, D.; Murthy, S.N.; Gerwin, S.C.; Peot, C. Mechanisms for
Generation and Control of Trimethyl Amine and Dimethyl Disulfide From Lime Stabi-
lized Biosolids. WEF Odor Conference, Albuquerque, New Mexico, 2002.

16. Kim, H.; McConnell, L.; Ramirez, M..; Abu-Orf, M.; Choi, H.; Peot, C. Character-
ization of Odors from Limed Biosolids Treated with Nitrate and Anthraquinone. Env.
Sci. Health Part A 2005, 48(1), 110-120.

17. Arispe, S.; Kim, H.; McConnell, L. L.; Ramirez, M.; Torrents, A. Analysis of sulfides,
amines, mercaptans, and volatile fatty acids of wastewater and sludge using solid phase
microextraction under static condition. J. Chromatog. A 2005 (submitted).



01: 02 19 March 2009

[ National Agricultural Library] At:

Downl oaded By:

Statistical Modeling fo Predict Biosolid Disulfide Levels 2025

18. Arispe, S. Measuring and developing a control strategy for odorous gases from
solids processes of a large wastewater treatment plant. M.S. Thesis, Department of
Civil and Environmental Engineering, University of Maryland, College Park, MD,
2005.

19. Maddala, G.S. Econometrics. McGraw-Hill, Inc.: New York, 1977.



